Abstract: Bedrock (U-Th)/He data reveal an Eocene exhumation difference greater than four kilometers athwart Owens Valley, California near the Alabama Hills. This difference is localized at the eastern fault-bound edge of the valley between the Owens Valley Fault and the Inyo-White Mountains Fault. Time-temperature modeling of published data reveal a major phase of tectonic activity from 55 to 50 Ma that was of a magnitude equivalent to the total modern bedrock relief of Owens Valley. Exhumation was likely accommodated by one or both of the Owens Valley and Inyo-White Mountains faults, requiring an Eocene structural origin of Owens Valley 30 to 40 million years earlier than previously estimated. This analysis highlights the importance of constraining the initial and boundary conditions of geologic models and exemplifies that this task becomes increasingly difficult deeper in geologic time.
Introduction
The accuracy of initial and boundary conditions is critical to the development of realistic models of geologic systems. These conditions are often controlled by pre-existing features such as geologic structures and elements of topographic relief. Features can develop under one tectono-climatic regime and persist on geologic time scales, often controlling later geologic evolution by imposing initial and boundary conditions through mechanisms such as the structural reactivation of faults and geomorphic inheritance of landscapes (e.g., [1, 2] ). Identifying such paleo-features is a prerequisite to the optimization of models of geologic processes and assessing the assumptions that underly them.
Low-temperature thermochronometry provides numerous examples of this phenomenon (e.g., [3, 4] ). A time-temperature analysis of data from Owens Valley, California leads to insights into the Cenozoic geologic evolution of the southern United States (U.S.) Cordillera, placing new constraints on the timing and mechanism of the demise of the Nevadaplano [5] . (U-Th)/He data from several published transects across Owens Valley document a major Eocene exhumation difference between the bedrock to the east and west of the valley (Figure 1 ). This difference occurs across a discrete fault-bounded segment of Owens Valley, indicating significant Eocene structural activity on these faults. This excludes the possibility of Neogene geographic continuity of the Nevadaplano with the southern Sierra Nevada, which is in direct opposition to inferences made by previous workers (e.g., [6] [7] [8] ). In shifting the initial and boundary conditions for the regional late Cenozoic tectonic evolution of Owens Valley, this new analysis requires that contiguity of the Nevadaplano with the southern Sierra Nevada did not persist past circa 50 Ma, roughly 30 to 40 million years earlier than previous estimates [6] [7] [8] . [9] . Purple squares with black dot: Alabama Hills data [10] . Salmon solid triangles: Inyo Mountains data [11] . OVF: Owens Valley Fault [12, 13] . SNFF: Sierra Nevada Frontal Fault [11, 12] . IWMF: Inyo-White Mountains Fault [12] . GB: Golden Bear Dike. W: Mount Whitney. I: Independence, California. LP: Lone Pine, California. CA: California. NV: Nevada.
Geologic Context
Owens Valley coincides with a crustal-scale boundary between the composite Sierra Nevada Batholith (SNB) to the west and older, metamorphosed, and structurally deformed mostly preCretaceous crust to the east. Near the Alabama Hills (Figure 1 ), the Sierra Nevada Frontal Fault (SNFF) exhibits about three kilometers of topographic relief separating the SNB outcrops of the high southern Sierra from consanguineous outcrops near the modern valley floor. Two additional kilometers down to the bottom of Owens Valley fill marks a total bedrock relief of over five kilometers ([14] ; Figure 2 ).
Several lines of indirect evidence have led workers to infer a late Cenozoic origin of Owens Valley. These include a lack of pre-late Miocene rocks in Owens Valley, evidence of late Cenozoic activity on the SNFF (e.g. [15, 16] ), Owens Valley Fault (OVF; e.g. [13, 17] ) and Inyo-White Mountains Fault (IWMF; e.g. [18, 19] ), and coupled geomorphic and volcanic stratigraphic resemblances between the high southern Sierra Nevada and Inyo Mountains [6, 8, 20] . Greater than 60 km of dextral offset was measured across Owens Valley post-83 Ma based on correlation of the Golden Bear dike in the (U-Th)/He sample sites are symbolized according to data source. Purple solid circles: Mount Whitney data [9] . Purple squares with black dot: Alabama Hills data [10] . Salmon solid triangles: Inyo Mountains data [11] . OVF: Owens Valley Fault [12, 13] . SNFF: Sierra Nevada Frontal Fault [11, 12] . IWMF: Inyo-White Mountains Fault [12] . GB: Golden Bear Dike. W: Mount Whitney. I: Independence, California. LP: Lone Pine, California. CA: California. NV: Nevada.
Owens Valley coincides with a crustal-scale boundary between the composite Sierra Nevada Batholith (SNB) to the west and older, metamorphosed, and structurally deformed mostly pre-Cretaceous crust to the east. Near the Alabama Hills (Figure 1 ), the Sierra Nevada Frontal Fault (SNFF) exhibits about three kilometers of topographic relief separating the SNB outcrops of the high southern Sierra from consanguineous outcrops near the modern valley floor. Two additional kilometers down to the bottom of Owens Valley fill marks a total bedrock relief of over five kilometers ([14] ; Figure 2 ).
Several lines of indirect evidence have led workers to infer a late Cenozoic origin of Owens Valley. These include a lack of pre-late Miocene rocks in Owens Valley, evidence of late Cenozoic activity on the SNFF (e.g., [15, 16] ), Owens Valley Fault (OVF; e.g., [13, 17] ) and Inyo-White Mountains Fault (IWMF; e.g., [18, 19] ), and coupled geomorphic and volcanic stratigraphic resemblances between the high southern Sierra Nevada and Inyo Mountains [6, 8, 20] . Greater than 60 km of dextral offset was measured across Owens Valley post-83 Ma based on correlation of the Golden Bear dike in the study area ( Figure 1 ) and the Coso dikes about 60 km to the south [21] . However, the structure responsible for the offset is not constrained and no Eocene exhumation difference or relief generation is ascribed to it. study area (Figure 1 ) and the Coso dikes about 60 km to the south [21] . However, the structure responsible for the offset is not constrained and no Eocene exhumation difference or relief generation is ascribed to it. [12] . W: Mount Whitney.
Different scenarios for the pre-Neogene paleogeography of the Owens Valley region have been posited, including potentially integrated Paleogene drainages, flowing both north-to-south [22] and east-to-west [23] , as well as a continuous low-relief, high-elevation landscape spanning from the high peaks of the southern Sierra Nevada eastward across the Inyo-White Mountains that persisted until at least 12 Ma [6, 8, 20] . The lack of evidence for through-going Eocene drainages across the southern Sierra Nevada was used by [24] to suggest a drainage divide near the present southern Sierra crest. None of these scenarios include major pre-Neogene Owens Valley structures. Instead, these studies generally presume that the major structures controlling Owens Valley initially formed in late Cenozoic, due to the westward encroachment of basin and range tectonics across the eastern boundary of the composite SNB. In the absence of direct evidence for a pre-Neogene Owens Valley, it has been reasonable to assume the veracity of a late Cenozoic origin of Owens Valley. This paper presents evidence to the contrary.
Materials and Methods

(U-Th)/He Data
Three bedrock (U-Th)/He datasets together form a composite transect across Owens Valley drawn from three data sources which were published independently ( [9] [10] [11] ; Table 1 ). The first transect starts near the peak of Mount Whitney and descends the eastern Sierra Nevada front ( Figure  2 ; [9] ). The samples all come from the circa 83 Ma Mount Whitney intrusive suite [25, 26] . Apatite (UTh)/He (AHe) ages decrease with elevation from 75 Ma at 4200 meters elevation to 22 Ma at 1900 Different scenarios for the pre-Neogene paleogeography of the Owens Valley region have been posited, including potentially integrated Paleogene drainages, flowing both north-to-south [22] and east-to-west [23] , as well as a continuous low-relief, high-elevation landscape spanning from the high peaks of the southern Sierra Nevada eastward across the Inyo-White Mountains that persisted until at least 12 Ma [6, 8, 20] . The lack of evidence for through-going Eocene drainages across the southern Sierra Nevada was used by [24] to suggest a drainage divide near the present southern Sierra crest. None of these scenarios include major pre-Neogene Owens Valley structures. Instead, these studies generally presume that the major structures controlling Owens Valley initially formed in late Cenozoic, due to the westward encroachment of basin and range tectonics across the eastern boundary of the composite SNB. In the absence of direct evidence for a pre-Neogene Owens Valley, it has been reasonable to assume the veracity of a late Cenozoic origin of Owens Valley. This paper presents evidence to the contrary.
Materials and Methods
(U-Th)/He Data
Three bedrock (U-Th)/He datasets together form a composite transect across Owens Valley drawn from three data sources which were published independently ( [9] [10] [11] ; Table 1 ). The first transect starts near the peak of Mount Whitney and descends the eastern Sierra Nevada front ( Figure 2 ; [9] ). The samples all come from the circa 83 Ma Mount Whitney intrusive suite [25, 26] . Apatite (U-Th)/He (AHe) ages decrease with elevation from 75 Ma at 4200 m elevation to 22 Ma at 1900 m elevation. The data form a line in age-elevation space with a slope of about 40 to 50 m per million years ( Figure 3 ). This slope corresponds to a long-term Cenozoic exhumation rate corroborated by numerous other southern Sierra Nevada AHe datasets [3, 9, [27] [28] [29] [30] [31] . 
. ** Mt Whitney data reflect the fact that analytical methods used multi grain aliquots, not averages of single grains data. *** Alabama Hills average ages are calculated as arithmetic mean of single grain replicates ± 1 s.d., which differ slightly from the reported weighted mean values in [10] . † Plutons sampled: MWIS = 83 Ma Mount Whitney Intrusive Suite [25, 26] . PKP = 183 Ma Pat Keyes Pluton [32, 33] . ‡ Modern sample elevations and (pre-Eocene elevations) used for model inputs from [11] for Inyo data. The second segment is a suite of six samples from outcrops in the Alabama Hills spanning an elevation of 1194 m to 1730 m. These samples also come from the Mount Whitney intrusive suite. AHe ages range from 52.6 Ma to 79.4 Ma, and do not exhibit a strong correlation between AHe age and elevation ( Figure 3 ). Interpreted together with AHe data from the Mount Whitney vertical transect, these data are consistent with several kilometers of east-down faulting on the SNFF post-dating the youngest ages in either of the suites, which was 22.7 Ma [10] .
The third dataset is a transect from 1317 m to 3015 m elevation up the western flank of the Inyo Mountains at the eastern edge of Owens Valley (Figure 1) , and includes both apatite and zircon (U-Th)/He ages (ZHe). Samples come from the Jurassic Pat Keyes Pluton (circa 183 Ma; [32, 33] ). The AHe ages from this transect are invariant across nearly two kilometers of vertical relief, with an average age of 53.1 +/− 3.1 Ma (1σ, Figure 3 ). The ZHe ages from this transect range from 64.1 Ma to 76.5 Ma (Table 1 ). These data are clearly different than the Mount Whitney and Alabama Hills data, and must have experienced a different exhumation history. This exhumation difference coincides with a narrow, deep basin bounded by the OVF and IWMF along the eastern edge of Owens Valley (Figure 2; [14] ). [9] data and linear regression. Red diamonds with red line: [11] data with a vertical line plotted at the average age. Blue open squares with blue line: [10] data from the Alabama Hills with slope of the southern Sierra Nevada regional exhumation rate, which is the same as the regressed value shown here as a grey line through black squares.
Quantitative Thermochronologic Modeling
This work uses the modeling software QTQt v.5.6.0 to constrain the thermal histories of the rocks comprising the two transects from the southern Sierra Nevada and Inyo Mountains [34] . This program utilizes a Bayesian Monte Carlo Markov chain statistical approach to constrain the timetemperature paths of thermochonometric data. Inputs to QTQt include grain size and U and Th concentrations, and diffusion parameters are calculated using the radiation damage accumulation and annealing model (RDAAM) of [35] for apatite, and the radiation damage model of [36] for zircon. Sphere equivalent radii were calculated using the Qt Ft program [37, 38] . QTQt implements an iterative process of perturbation and comparison of the pre-perturbation and post-perturbation thermal histories, followed by a choice of the better of the two according to an acceptance criterion [34] . I first ran the model for a "burn-in" period of at least 5 × 10 5 iterations, with the purpose of allowing the model to reach a best fit (after [30, 31, 39, 40] ). This was validated by comparing the model outputs to the measured AHe ages (Supplementary Materials), and was followed by a post-"burn in" run of 5 × 10 5 additional iterations to document the best-fit region. The outputs of the post-"burn in" runs are displayed as the final model results. In all the cases, I minimized the input model constraints to the greatest possible extent. The inputs were limited to the AHe and ZHe data, the pluton emplacement age as a high-temperature initial condition, and the modern surface temperature boundary condition of 20° ± °5 C. For details about the model set-up and outputs, see Table 2 and the Supplementary Materials.
One strength of the QTQt program is its ability to handle vertical transect data natively. This is accomplished by tying each (U-Th)/He age to its elevation and then fitting a geothermal gradient to the overall transect. The geothermal gradient is simultaneously fit as an additional variable that is iteratively perturbed by the model and can change with time. I defined a range of allowable Blue open squares with blue line: [10] data from the Alabama Hills with slope of the southern Sierra Nevada regional exhumation rate, which is the same as the regressed value shown here as a grey line through black squares.
This work uses the modeling software QTQt v.5.6.0 to constrain the thermal histories of the rocks comprising the two transects from the southern Sierra Nevada and Inyo Mountains [34] . This program utilizes a Bayesian Monte Carlo Markov chain statistical approach to constrain the time-temperature paths of thermochonometric data. Inputs to QTQt include grain size and U and Th concentrations, and diffusion parameters are calculated using the radiation damage accumulation and annealing model (RDAAM) of [35] for apatite, and the radiation damage model of [36] for zircon. Sphere equivalent radii were calculated using the Qt Ft program [37, 38] . QTQt implements an iterative process of perturbation and comparison of the pre-perturbation and post-perturbation thermal histories, followed by a choice of the better of the two according to an acceptance criterion [34] . I first ran the model for a "burn-in" period of at least 5 × 10 5 iterations, with the purpose of allowing the model to reach a best fit (after [30, 31, 39, 40] ). This was validated by comparing the model outputs to the measured AHe ages (Supplementary Materials), and was followed by a post-"burn in" run of 5 × 10 5 additional iterations to document the best-fit region. The outputs of the post-"burn in" runs are displayed as the final model results. In all the cases, I minimized the input model constraints to the greatest possible extent. The inputs were limited to the AHe and ZHe data, the pluton emplacement age as a high-temperature initial condition, and the modern surface temperature boundary condition of 20 • ± • 5 C. For details about the model set-up and outputs, see Table 2 and the Supplementary Materials.
One strength of the QTQt program is its ability to handle vertical transect data natively. This is accomplished by tying each (U-Th)/He age to its elevation and then fitting a geothermal gradient to the overall transect. The geothermal gradient is simultaneously fit as an additional variable that is iteratively perturbed by the model and can change with time. I defined a range of allowable geothermal gradients to allow the model to fully explore the potentially geologically reasonable values (10 • C/km to 50 • C/km). pre-"burn in" iterations ≥500,000 ≥500,000
post-"burn in" iterations 500,000 500,000 birthing parameter uniform uniform * AHe: apatite (U-Th)/He. ZHe: zircon (U-Th)/He.
Results
Southern Sierra Nevada
The thermal model results of the Mount Whitney transect are consistent with 83 Ma igneous emplacement followed by cooling of the top of the transect through AHe closure around 75 Ma (Figure 4) . Following rapid post-emplacement cooling, the transect cooled slowly through early Cenozoic time, corresponding to the range-wide slow exhumation rate of about 40 to 50 m/my. A late Cenozoic increase in the cooling rate roughly corresponds to the youngest age in the transect (ca. 22 Ma), and accounts for the final exhumation of the rocks comprising the transect. The timing of this acceleration is in general agreement with estimates for Neogene initiation of the SNFF and the eastern Sierra escarpment, which forms the western wall of modern Owens Valley (e.g., [3, 15] ).
Inyo Mountains
In stark contrast to the multiphase cooling history of the southern SNB, the invariant AHe ages and Late Cretaceous ZHe ages from the Inyo Mountains transect require less than 1 to 2 kilometers of exhumation since circa 54 Ma. The models developed by [11] utilize the AHe and ZHe data modeled here, as well as a longer transect across the entire Inyo Range from Owens Valley up, across, and down into Saline Valley. Two endmember scenarios are described by [11] , depending on the magnitude of an earlier Late Cretaceous exhumation event. All the scenarios require a circa 54 Ma major pulse of eastward Geosciences 2019, 9, 194 7 of 14 tilt (12 • to 20 • ) and exhumation (3.9 km to 5.6 km) of the western Inyo Mountains, which form the eastern wall of the modern Owens Valley. Additionally, a significant Neogene westward tilting event (opposite sense to Eocene tilting) is predicted by [11] . Due to this later tilt, I use the predicted sample elevations at onset of the 54 Ma rapid exhumation (Figure 11b in [11] ) rather than utilize the modern elevations of the samples. The QTQt model results for the western slope of the Inyo Mountains require rapid exhumation of the entire transect through the AHe PRZ circa 55-50 Ma (Figure 4) . Note that the use of the elevations from [11] does not significantly affect the results. Model runs utilizing modern elevations (not shown) and all of the scenarios from [11] require rapid exhumation circa 55-50 Ma. Table 1 . See Table 2 and the Supplementary Materials for details of the model set-up, outputs, and model fits to input data.
Conditions for Owens Valley Evolution
In light of the published constraints on the thermal evolution and crustal structure of the bedrock to the west of Owens Valley (Sierra Nevada) and to the east of Owens Valley (Inyo Mountains) near the Alabama Hills, one can consider the initial and boundary conditions required to understand the evolution of Owens Valley in the Eocene. First, a major pre-Cenozoic crustal boundary existed at the eastern edge of the Sierra Nevada batholith, with less deformed Cretaceous batholithic crust to the west, and older more deformed mixed metamorphic and batholithic crust to the east. Second, the cooling history in the Eocene is highly disparate across Owens Valley, and this difference is geographically limited to a narrow deep basin at the eastern edge of Owens Valley. These conditions critically underly the evolution of the geologic system, as is reflected in the discussion that follows.
Discussion
Exhumation Athwart Owens Valley
Previous work has constrained the exhumation history of the Inyo mountains block, considering the AHe and ZHe data modeled here along with a longer transect of data that continues down the eastern side of the range into Saline Valley, California [11] . Although the focus of [11] is mostly on Neogene and younger tectonic activity, the authors utilized the (U-Th)/He data in conjunction with a Late Cretaceous to Paleogene geothermal gradient of 15 • C/km [19, 41] to constrain a circa 54 Ma pulse of tectonic activity, estimating 3.9 km to 5.6 km of exhumation of the western Inyo Mountains at a rate of >800 m/my to >1100 m/my accompanied by 12 • to 20 • of eastward tilt [11] . The new QTQt model results presented above concur with the timing of this exhumation event, and agree that its magnitude was sufficient to set the western Inyo Mountains AHe ages.
In contrast to this major Eocene exhumation of the Inyo Mountains block, model results for the Mount Whitney transect (Figure 4 ) indicate slow Paleogene exhumation at a rate of about 40 to 50 m/my. This is in accord with previous studies from the southern SNB [3, [27] [28] [29] . Published data extend this Paleogene history eastward to include Mount Whitney intrusive suite rocks outcropping in the Alabama Hills [10] . These rocks were continuous with outcrops of the high Sierra until Neogene time, after which they were broken up and faulted down to their current location. This structural deformation of the Alabama Hills basement rocks makes it impossible to reconstruct their source elevations relative to the Mount Whitney transect for possible modeling [10] . Using the rates calculated for the Inyo Mountains (from [11] and corroborated herein) and for the southern Sierra Nevada circa 54 Ma (from [3, 9, 27, 30, 31] and corroborated herein), in the roughly five million years required to exhume 5000 m of the western Inyo Mountains (5000 m at 1000 m/my), only about 250 m of exhumation occurred in the southern Sierra (five million years at 50 m/my).
The data and model results require Eocene cooling rates across Owens Valley that are not reconcilable with a common exhumation history. The Mount Whitney and Alabama Hills data require slow Eocene exhumation (ca. 50 m/my) contemporaneously with exhumation and tilting of the Inyo Mountains (ca. 1000 m/my). These concurrent exhumation rates differ by a factor of 20. Furthermore, the locations of the samples restrict this Eocene exhumation difference to a swath along the eastern edge of Owens Valley less than 10 kilometers wide, where the total bedrock relief is over five kilometers. This strip is fault-bound by the OVF on the west and the IWMF on the east (Figure 1 ).
Possibility of Tilted Isochrones
The tectonic models presented in [11] predict that Neogene westward tilting (in the opposite sense to Eocene tilting) of the Inyo Mountains block resulted in a relative increase in topographic relief amongst the western flank Inyo Mountains samples. I take this into account by utilizing the estimated sample elevations at 54 Ma rather than the modern elevations in the Inyo Mountains model runs (Table 1) . It is also worth noting that the other endmember from [11] results in an even more muted pre-Eocene relief structure than that which I use for the modeling herein. I consider it prudent to utilize the intermediate estimate for the modeling scenarios, but I have also run another Inyo Mountains model using the exact same parameters, but the most muted pre-Eocene sample elevations. The results of this model show no difference in the thermal history of the western Inyo Mountains (see the Supplementary Materials for the model outputs). Furthermore, it is also worth considering the possibility that the Neogene westward tilting was much greater than expected by [11] . Considering an extreme case where one assumes that the western Inyo Mountains was tilted so greatly in the Neogene that the samples all represent a single depth of exhumation, it would be inappropriate to treat these samples as a vertical transect. However, because the predicted exhumation patterns presented by [11] (Figure 11 therein) are based in aggregate on AHe and ZHe data across the entire Inyo Range, this case would not change the required exhumation history of the western Inyo Mountains. Greater than 4 km of exhumation at roughly 1000 m/my circa 54 Ma would still be required for the western Inyo Mountains, and the profound difference athwart Owens Valley would still need a structural explanation.
Eocene Structural Activity
The exhumation difference across eastern Owens Valley requires an Eocene structural accommodation. (U-Th)/He sample locations require this accommodation to be within the 10 km-wide eastern strip of Owens Valley, which is bound to the west and east by the OVF and IWMF, respectively. The geometry and kinematics of this structure is not directly constrained by the thermochronometric data and model results presented in this paper. However, a number of previous studies have proposed the kinematics that are relevant to this structure. One study argues for >60 km of dextral horizontal offset post 83 Ma based on offset of the Golden Bear dike and Coso dikes across Owens Valley [21] . However, the very broad temporal constraint (any time post 83 Ma), and dextral kinematics of this offset do not help constrain the Eocene structure required to explain the data across Owens Valley. Another study suggested that most of this dextral offset may have accumulated during the Late Cretaceous to Paleogene time [42] , possibly related to the geometric complexity in the extensional detachment system that exhumed the southernmost Sierra Nevada batholith and was active into the Paleogene [43, 44] . While this system may have remained active into the Paleogene, its activity primarily exhumed the southern Sierra Nevada batholith about 150 km southwest of the study area. The AHe data from the Mount Whitney transect locally require slow cooling of the SNB circa 55 Ma, which preclude it from significantly affecting the exhumation difference presented here.
Farther north in Owens Valley, earlier studies neither recognize a major phase of Eocene tectonic activity, nor do they rule out the possibility of such an earlier phase [19, 41] . In fact, the uppermost portions of the AHe and apatite fission track (AFT) transect from the central and northern White Mountains, above the inferred Neogene AHe partial retention and AFT partial annealing zones, include roughly invariant ages, circa 60 Ma to 50 Ma, spanning about a kilometer in paleo-structural elevation [19] . This signal is not so clearly defined as in the Inyo Mountains, but it does demonstrate the possibility of a similar scenario farther north in Owens Valley. In sum, published evidence for early Cenozoic tectonic activity in Owens Valley fail to adequately explain the magnitude of exhumation, timing, and location required by the thermochronometric data.
For a compressional structure, the basin geometry would require the structure to be at a high angle, suggesting the presence of a reverse fault dipping eastward beneath the Inyo Mountains. However, the kinematics of this structure would not be consistent with the eastward tilt required by the thermochronologic data or the surface topography of a deep narrow basin. Considering this, I propose two new hypothetical scenarios for normal faulting that could explain the exhumation athwart Owens Valley. Under the second hypothesis, an Eocene normal fault-bound graben developed asymmetrically at the eastern edge of the southern SNB. In this scenario, the graben between the paleo-Owens Valley Fault and paleo Inyo-White Mountains fault was dropped down relative to both the eastern SNB and Inyo-White Mountains (Figure 5c ). The magnitude of relative uplift would have to be much greater for the Inyo Mountains than for the southern Sierra Nevada, as documented by the different exhumation histories recorded by the thermochronometric data.
Under either hypothesis, it is expected that large amounts of colluvium would have been deposited syntectonically. In the case of hypothesis 1, eroded detritus would have been initially deposited locally, but a lack of local accommodation space would have resulted in the large-scale shedding of detritus westward toward the Great Valley and southward toward the Goler depositional basins, both of which are over 100 km away and record deposition in Eocene time [45] [46] [47] [48] [49] [50] .
On the other hand, hypothesis 2 likely would have resulted in more local deposition in the paleo-Owens Valley in addition to the shedding of material to the west and south. Deep subsurface data for Owens Valley could potentially help discriminate between these scenarios by estimating the volume of subsurface colluvial Paleogene sediments in Owens Valley, but no such data has been published to date. Both scenarios allow for the slow Paleogene exhumation for the SNB, as well as the contemporaneous pulse of rapid exhumation in the Inyo Mountains. In the absence of further data, one cannot discern with certainty if either of these scenarios is incorrect. Based on the complexity of the geology of Owens Valley and its along-strike variability in the modern period, I suggest that the most likely scenario is a combination of the two hypotheses with along-strike variation and some segments of Owens Valley exhibiting more half-graben versus full-graben character.
These scenarios require major structural activity at Owens Valley circa 55 to 50 Ma. The magnitude of this event presents strong evidence that the Late Cretaceous to Paleogene high-standing continental plateau, which is referred to as the Nevadaplano, could not have maintained substantive continuity with the southern Sierra Nevada past circa 50 Ma. Late Cenozoic activity on the SNFF and the consequent growth of the modern Owens Valley represents an expansion of Owens Valley westward into the southern SNB that generated the eastern Sierra escarpment, but did not generate Owens Valley relief de novo.
Regional Eocene Extension
AHe and apatite 4 He/ 3 He thermochronometry have been used to identify Eocene extension-related exhumation and west-down normal faulting within the southern Sierra Nevada and in the Great Valley subsurface [30, 31, 48, 51, 52] . These studies infer the timing of the extension to be circa 45 Ma at one location along Kings River. It is posited by [31] that a series of roughly range parallel normal fault scarps identified through detailed field work during the early 20th century by [53] were active in Eocene time, and further identified a number of time-equivalent features indicating east-west extension in the Great Valley subsurface. In conjunction with the Eocene extension identified in this paper at the eastern edge of the southern SNB, this suggests a regional tectonic regime that persisted for much of Eocene time and was characterized by a westward migrating locus of extension.
Conclusions
Time-temperature modeling of published (U-Th)/He data across Owens Valley, California results in a new understanding of early Cenozoic exhumation and requires an Eocene origin for Owens Valley, California. This includes Eocene structural activity on one or both of the Owens Valley Fault and Inyo-White Mountains Fault as outlined by two possible structural scenarios. This represents a significant change in the initial conditions for models of the Cenozoic geologic evolution of eastern California. One can no longer assume that the high-elevation plateau that continued eastward from the southern Sierra Nevada persisted into late Cenozoic time. This study highlights the importance of accurately constraining initial and boundary conditions when building models of geologic systems. Funding: This research received no external funding.
